Intracellular transport of vesicles and organelles along microtubules is powered by kinesin and cytoplasmic dynein molecular motors. Both motors can attach to the same cargo and thus must be coordinated to ensure proper distribution of intracellular materials. Although a number of hypotheses have been proposed to explain how these motors are coordinated, considerable uncertainty remains, in part because of the absence of methods for assessing motor subunit composition on individual vesicular cargos. We developed a robust quantitative immunofluorescence method based on subpixel colocalization to elucidate relative kinesin-1 and cytoplasmic dynein motor subunit composition of individual, endogenous amyloid precursor protein (APP) vesicles in mouse hippocampal cells. The resulting method and data allow us to test a key in vivo prediction of the hypothesis that APP can recruit kinesin-1 to APP vesicles in neuronal axons. We found that APP levels are well-correlated with the amount of the light chain of kinesin-1 (KLC1) and the heavy chain of cytoplasmic dynein (DHC1) on vesicles. In addition, genetic reduction of APP diminishes KLC1 and DHC1 levels on APP cargos. Finally, our data reveal that reduction of KLC1 leads to decreased levels of DHC1 on APP vesicles, suggesting that KLC1 is necessary for the association of DHC1 to these cargos, and help to explain previously reported retrograde transport defects generated when kinesin-1 is reduced.
Intracellular transport of vesicles and organelles along microtubules is powered by kinesin and cytoplasmic dynein molecular motors. Both motors can attach to the same cargo and thus must be coordinated to ensure proper distribution of intracellular materials. Although a number of hypotheses have been proposed to explain how these motors are coordinated, considerable uncertainty remains, in part because of the absence of methods for assessing motor subunit composition on individual vesicular cargos. We developed a robust quantitative immunofluorescence method based on subpixel colocalization to elucidate relative kinesin-1 and cytoplasmic dynein motor subunit composition of individual, endogenous amyloid precursor protein (APP) vesicles in mouse hippocampal cells. The resulting method and data allow us to test a key in vivo prediction of the hypothesis that APP can recruit kinesin-1 to APP vesicles in neuronal axons. We found that APP levels are well-correlated with the amount of the light chain of kinesin-1 (KLC1) and the heavy chain of cytoplasmic dynein (DHC1) on vesicles. In addition, genetic reduction of APP diminishes KLC1 and DHC1 levels on APP cargos. Finally, our data reveal that reduction of KLC1 leads to decreased levels of DHC1 on APP vesicles, suggesting that KLC1 is necessary for the association of DHC1 to these cargos, and help to explain previously reported retrograde transport defects generated when kinesin-1 is reduced.
axonal transport | microtubule motor recruitment | Alzheimer's disease M icrotubule-based transport of vesicles and organelles in neurons is coordinated by kinesin (anterograde) and cytoplasmic dynein (retrograde) motor complexes. These motor proteins and their regulators play critical roles in long-distance signaling events in neurons, neuronal regeneration, and in the development of neurodegenerative disease (1) (2) (3) . Several diseases in humans, such as hereditary spastic paraplegia (4), Charcot-Marie-Tooth type 2 (5) , and ALS-like motor degeneration (6) , have been linked directly to mutations in genes encoding motor proteins. Additionally, disruption of transport is thought to be an early and perhaps causative event in Alzheimer's disease, Parkinson disease, and ALS, where axonal pathologies including abnormal accumulations of proteins and organelles have been routinely observed (1) .
Kinesin-1 is composed of heavy chain (KHC or KIF5) and light chain (KLC) subunits (7, 8) . Motor activity is executed by KHC, and cargo binding and regulatory activities are carried out by both KHC and KLC (9) (10) (11) . Dynein is a large protein complex with six subunits: a large dynein heavy chain (DHC), an intermediate and light-intermediate chain (DIC and DLIC), and three dynein light chains (DLC) (12) . Several types of vesicles, including amyloid precursor protein (APP) vesicles, depend upon kinesin-1 (9, (13) (14) (15) (16) (17) for their anterograde movement in axons. These studies raised the possibility that APP transport and its influence on APP proteolytic processing play an important role in the development of Alzheimer's disease (1, 3, 9, (18) (19) (20) .
Although much progress has been made toward elucidating underlying principles of motor coordination (21) (22) (23) (24) (25) , we lack a full understanding of how motor subunits are recruited to APP vesicles and, moreover, how levels of these subunits on vesicles are determined. Previous work raised the possibility that APP could bind to KLC and thus kinesin-1 either directly or indirectly via complex formation with JIP1 (9, 26, 27) , a proposal that has remained controversial in the field. Here, we set out to test a key in vivo prediction of the hypothesis that APP recruits kinesin-1 to vesicles by developing and implementing a rigorous method for high-throughput, subpixel colocalization of diffraction limited fluorescent puncta in 2D immunofluorescence images at a separation below the Rayleigh limit, i.e., with superresolution. Specifically, this method allowed us to assess the composition of molecular motors on endogenous axonal APP vesicles, in the absence of overexpression, because overexpression of motors, APP itself, or of vesicular proteins frequently alter vesicle behavior substantially (20, (28) (29) (30) . We recently reported initial studies of motor association with mammalian prion protein (PrP C ) vesicles using an early version of this method (31), the full development and extensive validation of which we report here.
Results

Development of Fluorescence Intensity Analyses and Colocalization
Methods. We developed a "Motor Colocalization" software package to measure the relative amount of motor subunits associated with any detectable vesicular cargo of interest. We applied this quantitative method to estimate the degree of colocalization between APP-containing vesicles and two motor subunits, KLC1 and DHC1, from cultured neonatal mouse primary hippocampal neurons. These cells have long, isolated axonal projections, which are particularly amenable to reproducible staining of vesicular proteins. Hippocampal cells were fixed and stained with antibodies against APP, KLC1, and DHC1. Resulting immunofluorescence images showed dense punctate vesicular staining and a high degree of colocalization between APP vesicles and motor subunits ( Fig. 1A ). Subpixel positions of fluorescent point sources were determined for each channel-APP, KLC1, DHC1-separately by iteratively fitting Gaussian kernels approximating the 2D microscope point-spread function to the diffraction limited data surrounding predetermined local maxima seeds (32, 33) . Subpixel localization of particles with overlapping signal were determined by fitting multiple Gaussians simultaneously, each one representing a version of the point-spread function shifted in space, resulting in improved accuracy and resolution. The Gaussianfitting algorithm we used is particularly suitable for situations of This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1120510109/-/DCSupplemental. dense particle distributions (SI Materials and Methods) and thus ideal for the analysis of vesicular staining in axons.
The Motor Colocalization software extracts the subpixel position information (x-and y-coordinates) from user-selected regions in any channel and reports the number of colocalization events and associated intensities from analogous optical sections within a user-defined radius ( Fig. 1B ). Robust measures of relative intensity for each detected point source within a channel were obtained directly from the amplitude of the fitted Gaussian functions, and could be accurately compared because the SD used for each Gaussian fit remains constant (see Fig. S1 for analysis of uncertainty).
For all analyses, the cutoff for subpixel colocalization was set as a 300-nm radius based on the optics, resolution limit, and relevant physical size of the vesicles and motor subunits (31) . An analysis of colocalization distance suggested that the percentage of motor association with vesicles plateaus at ∼300 nm and begins to pick up motor subunit signals from adjacent APP vesicles at cutoffs greater than this selected threshold. To allow for rigorous comparison of feature intensity between experimental image data collected on different days, a normalization approach was applied using 2.5-μm diameter InSpeck beads (Invitrogen). Additionally, TetraSpeck microspheres (Invitrogen) were used to account and adjust for chromatic aberration of the different fluorescent channels ( Fig. S2 ) so that all images could be subjected to registration correction before analysis (SI Materials and Methods).
Previous studies reported a linear relationship between protein amount and associated fluorescence intensity in highly controlled imaging studies (34, 35) , suggesting that within a certain range, fluorescence intensity is determined by-and hence correlated to-protein amount independent of what protein is tagged by a fluorophore or where the tagged protein is localized. However, in metazoan systems, expressing tagged proteins at endogenous levels and with endogenous isoforms often results in under-or overexpression, thereby preventing accurate estimation of relative amounts of protein. Thus, an antibody-based method, although problematic for evaluation of absolute amounts of proteins in situ, is valuable for probing the relative amounts of endogenous proteins if appropriate quantitation can be established. In particular, because overexpression of tagged proteins including APP, KLC1, and DHC1 could significantly alter the transport behavior of APP (20, 29) and other vesicles in vivo, antibody staining has the advantage of avoiding the artifacts inherent in overexpression experiments.
Validation of Fluorescence Intensity Analyses and Colocalization
Methods. We first validated the specificity of primary antibodies used to detect endogenous APP, KLC1, and DHC1 by reducing protein levels using either deletion mutants or through expression of shRNA constructs in WT neurons. We also determined whether the fluorescence intensity readouts of stained APP and KLC1 vesicular puncta correlated to protein levels increased by transient transfection of tagged APP and KLC1. In previous work we found that KLC1 staining intensity increased proportionally (r = 0.99) with KLC1 copy number (31) for all kinesin-1driven axonal cargo.
To investigate the motor subunit composition of APP vesicles, anti-APP staining served as the seed channel for colocalization with corresponding anti-KLC1 and anti-DHC1 signal (Fig. 1B) . We evaluated motor-vesicle association, and therefore the specificity of KLC1 association with APP vesicles, in hippocampal neurons cultured from sibling mice with no copies of KLC1 (KLC1 −/− ), one copy (KLC1 +/− ), and both copies (KLC1 +/+ ) in two different ways. First, as expected, when KLC1 copy number was reduced, we observed significant decreases in the frequency of detectable KLC1 puncta found within 300 nm of a detected APP vesicle feature. For KLC1 +/+ , 55.0 ± 1.4% of APP vesicles colocalized with KLC1, 42.3 ± 1.6% in KLC1 +/− , and 23.1 ± 1.2% for KLC1 −/− genotypes ( Fig. 2A) . Although KLC1 association in null KLC1 mice did not decrease to background amounts (∼4%), presumably because of a small amount of cross-reactivity with KLC2 (SI Materials and Methods), a highly significant drop of ∼65% was observed. Second, to investigate changes in relative KLC1 subunit amount associated with individual APP vesicles in KLC1 genotypes, KLC1 intensity distributions were determined for all three genotypes ( Fig. 2B ). Of note, the KLC1 intensity distribution in KLC1 +/+ animals closely followed what was observed in WT animals used as controls throughout this study. When one copy of KLC1 was removed, we observed a significant shift to lower intensity values [<100 arbitrary units (AU)] at the expense of higher intensity features (>100 AU). Thus, when one copy of the gene is removed, most APP vesicles have less associated kinesin-1, although vesicles with multiple KLC1 subunits still exist. These multiples are less common than in the KLC1 +/+ animals, but a significant peak in smaller intensity values, presumably corresponding to fewer KLC1 subunits associated with APP vesicles, were significantly enhanced. KLC1 −/− animals showed highly significant reductions for all KLC1 intensity values.
To further validate the specificity of the KLC1 antibody staining, cells were transfected with fluorescently labeled versions of KLC1 (KLC1-mCherry) and subsequently stained. An analysis of intensity levels showed highly significant positive correlations between transfected protein levels and associated anti-KLC1 intensities, resulting in a Pearson correlation coefficient of r = 0.87 ( Fig. 2C and Fig. S3 ).
DHC1 antibody specificity was previously assessed by transfecting N2a cells with DHC1 shRNA, which resulted in an 80-90% decrease in message levels (31) . Transfected hippocampal neurons exhibited marked decreases in DHC1 staining ( Fig. S4 A-D). Average anti-DHC1 intensity per square micrometer in DHC1 shRNA-transfected cells was reduced by 72% compared with control nontransfected cells (Fig. S4E) . The magnitude in observed signal reduction was analogous to decreases in protein levels assessed previously by Western blot (31) , and confirmed the specificity of the selected DHC1 antibody (SI Materials and Methods). To validate the specificity of the APP antibody, cells were transfected with fluorescently labeled versions of APP (APP-YFP) and subsequently stained with anti-APP. Analysis of intensity levels revealed highly significant positive correlations between transfected protein levels and APP immunofluorescence intensities with a Pearson correlation coefficient of r = 0.74. In animals lacking both copies of APP (APP −/− ), a 72.1% drop in APP antibody signal intensity was observed ( Fig. 2D) , approximating background fluorescence levels. Additionally, we directly compared Gaussian fitting in conventional microscopy images to superresolution imaging and observed highly comparable results (SI Text). These observations validate the specificity of the selected antibody probes and suggest that relative estimates of protein amount can be reliably extracted from our immunofluorescence measurements.
Levels of Kinesin-1 and Dynein Associated with APP Vesicles Are
Proportional to APP Levels. Although APP vesicles are bidirectionally transported in mouse hippocampal axons and KLC1 is one of the anterograde motor subunits involved in this movement (20) , the motors required for retrograde transport of APP vesicles have not been established. A crucial prediction of the hypothesis that APP acts as a bridge to recruit kinesin-1 to vesicles is that the amount of kinesin-1 on axonal vesicles should depend upon, and be proportional to the amount of APP in the vesicles. To test this hypothesis and to ascertain whether DHC1 subunits associate with APP vesicles, we characterized kinesin-1 (KLC1) and dynein (DHC1) association with APP vesicles in WT axons. We found that 70.5 ± 1.2% of APP vesicles colocalized with KLC1, 49.5 ± 1.1% associated with DHC1, and 38.5 ± 1.1% of APP vesicles were associated with both motor subunits (Fig. 3A) . We did not detect any motor subunits on 18.5 ± 1.0% of APP cargos. These data support DHC1 as a putative retrograde APP vesicle motor subunit (17) and further suggest that both anterograde and retrograde motors can simultaneously associate with these vesicles.
The intensity profile of APP vesicles in WT axons resulted in a nonnormal, right-skewed distribution. To analyze this distribution further, we used a comprehensive clustering strategy to reveal normally distributed component-intensity profiles determined using the MCLUST function followed by Bayesian Information Criterion selection (36) . The model-based clustering analysis predicted that vesicular APP levels are best described as a series of four normally distributed clusters (Fig. 3B ). The means of each mode roughly correlated to 1×, 2×, 4×, and 6× levels of APP vesicle intensity, which can be interpreted as multiples of the amount of APP associated with axonal vesicles. Each individual intensity measure was classified into its respective mode by calculating classification thresholds (SI Materials and Methods). Hence, cluster 1 represents APP vesicles corresponding to the lowest intensity group, and higher clusters contain vesicles with increasing intensity readouts corresponding to higher APP concentrations.
Notably, the percent of KLC1 and DHC1 associated with APP increased proportionally with APP amount as evaluated by each intensity cluster (Fig. 3C) . In cluster 1, 61.6 ± 2.1% of APP vesicles were found to be associated with the KLC1 subunit of kinesin-1, 65.7 ± 1.6% in cluster 2, 74.3 ± 1.8% in cluster 3, and 77.8 ± 2.6% in cluster 4. This result suggests that APP plays a role in recruiting KLC1 subunits to the vesicle. Our data additionally indicated that DHC1 subunit association with APP scales with increasing intensity cluster, similar to the effect noted for the light chain of kinesin-1. APP vesicles belonging to cluster 1 resulted in a 42.2 ± 1.4% colocalization with DHC1, 47.3 ± 2.0% for cluster 2, 52.0 ± 1.8% in cluster 3, and 62.8 ± 2.5% of DHC1 subunits associated with cluster 4 vesicles, suggesting that APP might also recruit dynein to vesicles. To further evaluate whether increasing levels of APP correlate with increasing amounts of motor proteins associated with these vesicles, we plotted the correlation of associated intensities for three of the designated categories of cargos; APP vesicles that had KLC1 only, DHC1 only, or both motor subunits (Fig. S5 ). We found a statistically significant correlation between APP-KLC1 (r = 0.56), APP-DHC1 (r = 0.24), and KLC1-DHC1 (r = 0.34) intensity values.
The distribution of APP-associated KLC1 and DHC1 intensities were nonnormal and skewed to the right (Fig. S6) . Intriguingly, clustering the KLC1 intensity distribution resulted in predicted modal peaks that approximately followed a 1:2:3:6 ratio, presumably corresponding to multiples of KLC1 associated with detected APP vesicles. It is possible that we do not see 4×, 5× quantiles because at higher intensities we do not have enough datapoints to distinguish these modes and assign statistically significant clusters to them. Similarly, clustering the APP-associated DHC1 intensity distribution resulted in four separate modes that followed a 1:2:4:9 ratio, suggesting that multiple amounts of DHC1 are associated with APP vesicles in axons as well.
Genetic Reduction of APP Levels Results in Reduced Motor-Vesicle
Association. To further test the hypothesis that APP is involved in recruiting KLC1 and DHC1 to vesicles, we characterized the motor subunit composition of APP vesicles in mutant mice with a single copy of APP (APP +/− ). We predicted that decreased APP levels would result in reduced motor subunit recruitment. Indeed, we observe that only 40.1 ± 1.4% of APP vesicles in APP +/− axons are associated with KLC1, a 43.1% reduction in motor subunit presence compared with WT neurons (Fig. 4A) . DHC1 association to APP vesicles was reduced by 27.7% from WT to 35.8 ± 1.5% and accordingly only 15.1 ± 0.8% of vesicles are found to have both subunits. Of note, our data revealed no significant difference in the number of APP vesicles per micrometer of axon when one copy of APP is removed (WT: 1.03 APP/μm; APP +/− : 0.98 APP/μm).
Strikingly, we observed an increase in the overall intensity profile of APP in APP +/− axons, because of the appearance of substantial numbers of exceptionally large and bright APP puncta ( Figs. S7 and 4B) . We interpreted these swellings as potential traffic jams or APP accumulations, possibly as a result of axonal transport deficits in these mutant neurons. This phenotype is consistent and reproducible and indicated that 11.7% of APP features detected in APP +/− axons fall into this category compared with only 1.1% observed in control conditions. To categorize APP puncta as swellings, a cutoff was determined by establishing that APP accumulations displayed Gaussian-intensity amplitudes greater than a μ+3σ value obtained from the analogous WT APP intensity profile. As expected, lower APP intensities are slightly enriched in the heterozygotes. We suspect that there is a small population of APP vesicles with intensities that fall below the threshold of detection in both WT and APP +/− genotypes. This bias presumably affects the latter condition more severely and helps explain the milder shift to lower intensities than expected.
KLC1 has been shown to be involved in the transport of a variety of cargos in axons (8, 31, 37) . To probe the effect of APP reduction, the percentage of KLC1 cargos that contain APP was determined (Fig. 4C ). In control, 64.7 ± 3.8% of KLC1 in the axon was associated with APP vesicles, and APP +/− axons showed significant reductions to 43.5 ± 3.9%. This observation indicates that when APP levels are reduced, a significantly smaller percentage of total KLC1-driven cargos contain APP. The corresponding increase in KLC1-associated non-APP cargos suggests competition for kinesin-1 recruitment.
Relative Dynein Motor Composition on APP Vesicles Depends upon
the Amount of KLC1. To further understand APP vesicle-motor subunit association, we investigated the role that KLC1 plays in determining the amount of DHC1 on APP vesicles. Previous work found impairment of retrograde transport following reduction or inhibition of kinesin-1, suggesting coordination between opposite-polarity motors (17, 31, (38) (39) (40) (41) . We tested whether retrograde transport defects caused by reduced kinesin-1 function might be a result of decreased dynein association with APP vesicles. We found significant reductions of DHC1 subunit association as a function of decreasing KLC1 copy number. In KLC1 +/+ , 48.9 ± 1.5% of APP-containing vesicles are associated with DHC1, 37.2 ± 2.1% in KLC1 +/− , and 33.0 ± 1.0% in KLC1 −/− animals (Fig. 5A ). Thus, our data show that the percentage of DHC1 associated with APP vesicles significantly decrease as KLC1 levels are reduced. To investigate relative levels of DHC1 as a function of KLC1 gene dose, we evaluated the APP-associated DHC1 intensity amplitude distributions ( Fig.  5B ) and noticed a significant decrease in the percentage of APP vesicles associated with multiple DHC1 subunits (intensity > 180 AU) when one copy of KLC1 is removed.
Discussion
Understanding the mechanisms and regulation of vesicle and organelle movement requires detailed knowledge of motor protein composition on individual cargos. Thus, we implemented a robust subpixel detection method, developed a set of algorithms for colocalization into an easy-to-use software package, and applied the package to an analysis of motor subunit composition of APP axonal vesicles. Several validation experiments established that our colocalization and intensity analyses were reliable. The resulting data indicated that kinesin-1 and dynein levels on APP vesicles depend upon the amount of APP in those vesicles. Thus, a key in vivo prediction of the hypothesis that one of the functions of APP is to recruit motor proteins to vesicles is supported.
In comparison with previous methods, our approach has the benefit that if high-quality antibodies for vesicular proteins are available, or if genetic methods can be used to achieve normal levels of tagged protein expression, then reliable information about endogenous proteins on individual vesicles in the absence of substantial overexpression can be obtained. Hence, distribution analyses, genetic manipulations of endogenous factors, and analyses of vesicles previously observed in living cells can be achieved (31) . Our method can be applied to a variety of systems that require evaluation of association between any number of tagged proteins or cellular features from diffraction-limited imaging data.
Although biochemical approaches have been used to isolate vesicular cargos followed by quantitative analysis of motor protein levels by Western blot (21, 42, 43) , these data are often highly variable, resulting in data that are difficult to interpret. Additionally, this type of "bulk" analysis does not shed light on relative motor composition on the individual cargo level, but rather of an entire population, limiting the amount of information that can be extracted because motor number may vary from cargo to cargo or on single cargos over time. Other studies have attempted to infer motor number from cargo velocity in vivo, with faster cargos assumed to have more motors engaged (23, 44, 45) . However, the interpretation of this indirect measure is likely complex because the loads that cargos experience in vivo may not be high enough to explain observed velocity variations, and it is unresolved whether velocities are also modulated by regulatory factors. Attempts to determine motor number on individual cargo more directly by using stall-force measurements have also been conducted (24) ; however, these experiments are technically challenging and not suitable for most cargos, in particular vesicles from intact axons. Moreover, direct-force measurements used to determine the number of actively engaged motors on a particular cargo provide little insight into overall motor composition of these cargos and, hence, little information about mechanisms regulating motor activation or motor recruitment to cargos. Because vesicles switch directions and presumably alter which motor or set of motors are actively engaged in millisecond time frames, achieving estimates of overall motor composition is critical to elucidating underlying association and coordination mechanisms at the individual cargo level.
APP-Dependent Recruitment of KLC1 and DHC1 to Vesicles. Reports of a direct interaction between APP and KLC1 (9), combined with genetic and other evidence (20, 28, 29, 46) , led to the hypothesis that APP can serve as a vesicle adaptor for kinesin-1 via its interaction with KLC1, and thus play a role in the recruitment of kinesin-1 to axonal vesicles. More recent evidence suggests that the attachment of APP to kinesin-1 may not be direct, but instead may require proteins of the c-Jun N-terminal kinase (JNK)-interacting proteins, specifically JIP-1/JIP-2 (26, 27) . In either case, the amount of APP is suggested to play a role in determining the amount of kinesin-1 on a vesicle and, therefore, the details of the movement behavior of that vesicle. Our localization and intensity analyses support the view that APP plays a role in recruiting kinesin-1 and is thus consistent with the vast majority of published evidence. Whether this recruitment is achieved through direct or indirect association was not addressed.
Our results indicate that APP also recruits DHC1 and that levels of this dynein subunit depend on KLC1 amount on the vesicle, thus suggesting a mechanism that can explain earlier reports showing that reducing kinesin-1 function results in retrograde impairment (31, (38) (39) (40) (41) . These findings provide evidence for coordination between the opposite polarity motors kinesin-1 and cytoplasmic dynein, in which kinesin-1-via KLC1-is involved in the association of DHC1 to APP vesicles. Our data therefore support an association-impairment hypothesis ( Fig. S8 and SI Text), which posits that kinesin-1 is required for proper association of dynein on APP vesicles and that loss of kinesin-1 on cargos leads to reduced dynein on vesicles.
Materials and Methods
Mice and Cell Culture. Hippocampal cultures from C57BL/6 mice were plated from either embryonic day 15-18 or 1-d-old pups (SI Materials and Methods).
All animal protocols were approved by the Institutional Animal Care and Use Committee of the University of California at San Diego.
Immunofluorescence and Microscopy. Neurons were fixed with paraformaldehyde, permeabilized, and stained as previously described (31) . All images used for analysis were obtained at 100× using a DeltaVision RT Deconvolution imaging system; however, only raw, nondeconvolved data were subject to analysis (SI Materials and Methods).
Motor Colocalization. After subpixel detection of fluorescent point sources, colocalization of puncta between analogous channels was determined using a 300-nm cutoff radius. All software was implemented in MATLAB (Math-Works) (SI Materials and Methods).
Statistics. Normality for each parameter was assessed and statistical significance (P < 0.05) was subsequently determined using appropriate parametric or nonparametric tests. Intensity amplitudes were clustered using the MCLUST package in R (36) (SI Materials and Methods).
